The traditional Chinese medicine, Hong-Qu, also called red mold rice in the United States and Europe, is used for treating blood stasis, a disorder related to hyperlipidemia and atherosclerosis. In addition to improving metabolic syndrome, extracts from Monascus-fermented rice inhibit the proliferation of various cancer cells in vitro and in vivo. The objective was to examine the effect of red mold rice ethanol extract (RMRE) on angiogenesis, invasion, and metastasis during tumor progression. RMRE significantly inhibited the proliferation of SW480 and SW620 human colorectal carcinoma cells in a dose-and time-dependent manner by using the MTT assay. A capillary-like network morphology was observed after the addition of 20 ng/mL vascular endothelial growth factor or SW620 culture-conditional medium, which was not seen after RMRE treatment. Moreover, spontaneous intravasation into Matrigel grafts of SW620 cells from the upper to the lower layers in the chick embryo chorioallantoic membrane (CAM) model was detected by the polymerase chain reaction (PCR) amplification of human Alu genomic DNA from the lower CAMs in the RMRE-untreated group. Neovascularization increased to 75.3% ± 11.6% by SW620 cells onplant with Matrigel grafts in the CAM model. However, RMRE significantly reduced CAM neovascularization in a dose-dependent manner. Finally, RMRE effectively decreased the activity of matrix metalloproteinase (MMP)-7 as determined by reverse transcription PCR (RT-PCR), Western blotting, and casein zymography assays. In summary, Monascus-fermented products exert a potent effect on tumor growth and activation, suggesting that they may serve as supplementary agents in adjuvant cancer therapy.
Introduction
Metastatic dissemination of colorectal carcinoma to distant sites is a leading cause of death among cancer patients. 1 Matrix metalloproteinase (MMP)-7, also known as matrilysin, is a member of the family of MMPs that plays a critical role in tumor invasion and is often expressed in gastrointestinal cancers. 2 The spread of malignant cells from a primary tumor to a site of metastasis formation involves multiple processes such as invasion of extracellular matrix, neovascularization, intravasation of the blood vessels, extravasation through the blood vessel walls in target organs, and establishment of secondary growth.
Monascus-fermented rice (red mold rice [RMR]) has been used in traditional Chinese medicine for centuries to help maintain a healthy heart and circulatory system. Monascus-fermented product supplements contain a family of monacolins known to inhibit cholesterol synthesis by blocking 3-hydroxy-3-methylglutaryl coenzyme A reductase. Previous evidence of the antiproliferative, antiinvasive, and antiangiogenic properties of these supplements has led to increased interest in the use of these supplements as anticancer agents. 3 Many commercial RMR products are available worldwide, many of which have demonstrated cholesterol-inhibiting effects similar to statins in both animal studies and clinical trials. [4] [5] [6] [7] [8] [9] [10] Besides monacolin K, Monascus-fermented products also contain many other potent anticancer compounds such as ankaflavin, monascin, and dimeruic acid, which may affect carcinogenesis and the tumor microenvironment differently and differentially regulate tumor-associated apoptosis, inflammation, and antioxidant activities. 3, 11, 12 Thus, components other than monacolin K present in Monascus-fermented RMR ethanol extract (RMRE), such as monacolins and polyketides, or the combined matrix effects of multiple constituents may be active in inhibiting tumor progression. 3 In the present study, the chick embryo chorioallantoic membrane (CAM) model was used in which onplanted human colorectal cancer cells exhibited cell viability and intravasation. Using this model to determine the utility of RMRE in cancer chemoprevention, we examined whether the administration of RMRE could disrupt tumor-associated angiogenesis through reduction in the expression of MMP-7 in tumors and inhibition of intravasation by SW620 cancer cells.
Materials and Methods

Isolation of RMRE From Monascus-Fermented Rice
Powdered Monascus-fermented rice was soaked in ethanol at room temperature. After 3 separate extractions, the ethanol extracts were collected, filtrated through a 0.22-mm pore size filter (Millipore, Bedford, MA, USA), and evaporated to dryness under a vacuum to give an RMRE yield of 10%.
Cell Culture
All cells were obtained from the Bioresource Collection and Research Center in Taiwan. Human colorectal adenocarcinoma cell line SW480 was established from a primary human colon adenocarcinoma, and the SW620 cell line was established from a lymph node metastasis of the same patient. Human umbilical vein endothelial cells (HUVECs) were prepared from the human umbilical cord and maintained under a fully humidified atmosphere with 5% CO 2 , whereas SW480 and SW620 cells were cultured without CO 2 at 37°C.
Cell Viability Assays
The antiproliferative effects of RMRE against colorectal cell lines were measured using the MTT reduction assay as described previously. 13 Cells (1 × 10 4 cells/well) were plated on 96-well plates in culture medium with 10% fetal bovine serum. After a 24-hour incubation with 10% fetal bovine serum, the cells were serum starved for 24 hours and then treated with various concentrations (0 to 60 mg/mL) of RMRE at the time points indicated. Results were then obtained spectrophotometrically using a microplate reader (Thermo Lab Systems Opsys MR, Chantilly, VA). HUVECs were treated with various concentrations (0 to 80 mg/mL) of RMRE for 48 hours. At the times indicated, cells were fixed and stained with 0.5% crystal violet in 4% paraformaldehyde for 10 minutes. Unfixed crystal violet was removed by washing 4 times and then the plates were redried. Finally, the crystal violet adhered to each well was solubilized with 2% sodium dodecyl sulfate (SDS), and the absorbance units were simultaneously determined by absorbance measurements at 595 nm.
In Vitro Capillary-Like Tube Formation Assay
The capillary-like tube formation assay was performed as described previously 3 with minor modifications. The wells of the 48-well plate were coated with 100 mL Matrigel (BD Bioscience, Auckland, NZ) by incubating at 37°C for 1 hour. HUVECs treated with or without 20 mg/mL RMRE were suspended in 20 ng/mL vascular endothelial growth factor (VEGF; R&D Systems, Minneapolis, MN) or SW620 cultureconditional medium (CM). Furthermore, HUVECs without serum and other supplements were used as controls. Measurements were performed in triplicate.
Matrigel-Encapsulated CAM Assay
Chick embryo CAM assays were performed as described previously 14 with minor modifications. Fertilized eggs were placed in an incubator on embryogenesis and were maintained under constant humidity at 37°C. On the seventh day, a window was made through the eggshell under aseptic conditions. The opening was closed with a cellophane tape, and the incubation was carried out until the end of the experiment. The time course of new blood vessel formation in the CAM was assessed using digital images from a stereoscope equipped with a digital camera at different time points after grafting of the disc.
Cells were suspended in Matrigel solution (10 mg/mL) at the indicated density of cells and kept on ice. To form the gel, 0.1 mL of the mixture was placed on the dish and incubated at 37°C for 1 hour. The gel-like discs were used to confine the experiment cells and correlated material to a defined area of the CAM. Following onplant of the gel-like disc to the upper CAM, the window in the eggshell was closed with a piece of tape, and the eggs were placed back into the incubator. Quantitation of CAM vessels in the area of the onplanted disc was usually performed 3 days after implantation.
Intravasation Assay
For the intravasation and invasion experiment, SW620 cells were encapsulated in the Matrigel culture as described above and onplanted to the upper CAM with or without 20 mg/mL RMRE. Following 72 hours of incubation, the tissue was snap frozen in liquid nitrogen and stored frozen at -80°C. The frozen lower CAM tissue was crushed in lysis buffer. DNA extraction and human Alu sequence PCR amplification were performed as described previously. 14 Briefly, genomic DNA was isolated from lower CAMs using a DNA isolation kit (QIAGEN Systems, Valencia, CA) as per the specifications of the manufacturer. Primers are listed in Table 1 . The PCR conditions were as follows: 95°C for 10 minutes, 95°C for 30 s, 58°C for 45 s, 72°C for 45 s, and 72°C for 10 minutes. Finally, the PCR products were separated on a 1.5% agarose gel at 100 V and visualized using ethidium bromide.
To test the invasiveness of the colorectal cells SW620, cell invasion assays were performed using the Matrigelcoated chamber equipped with an 8-mm pore size Millicell-HA filter (Millipore Co, Bedford, MA) as described previously. 3 The growth factor-reduced Matrigel Matrix by BD Biosciences (San Jose, CA) is suitable as a scaffold for supporting the implantation of various cancer cells.
Reverse Transcription Polymerase Chain Reaction
Total RNA was isolated using Trizol (Life Technologies, Auckland, New Zealand) according to the manufacturer's instructions. A total of 1 mg of purified total RNA was used for reverse transcription using SuperScript III (Life Technologies). The reaction mixture was incubated at 42°C for 1 hour, and the reaction was terminated by heating at 70°C for 10 minutes. Amplification of the RT product by PCR was performed using Promega Taq DNA Polymerase (Promega Co, Madison, WI). All reactions were performed in a thermal cycler (Model 2400; Perkin Elmer, Norwalk, CT) with the primers of human MMP-7 and glyceraldehyde-3-phosphate dehydrogenase (Table 1) .
SDS-Polyacrylamide Gel Electrophoresis and Western Blotting
Cells were lysed in RIPA buffer (50 mM Tris, pH 7.2, 150 mM NaCl, 1% Triton X-100, 0.1% SDS) containing protease inhibitor cocktail. Proteins (30 mg) were separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Pall Corporation, Ann Arbor, MI). After blocking with 5% nonfat dry milk in phosphate-buffered saline, 0.05% Tween 20, the membranes were incubated overnight at 4°C with MMP-7 (ab3205; Abcam, Cambridge, UK) and beta-actin (ab-6276; Abcam). Primary antibodies were detected using goat antimouse (sc-2031; Santa Cruz, CA) horseradish peroxidase-conjugated secondary antibodies and visualized by using the Western Lightning Chemiluminescence Reagent Plus (PerkinElmer, Waltham, MA) according to the manufacturer's instructions on a Syngene ChemiGenius system.
Casein Zymography
Total proteins were loaded on NOVEX 4-16% zymogram blue casein gels (Invitrogen, Carlsbad, CA). Electrophoresis was performed in Tris/glycine SDS running buffer under nondenaturing conditions. The gels were washed twice in 2.5% Triton X-100 for 30 minutes at room temperature to remove SDS. Zymograms were subsequently developed by incubation for 72 hours at 37°C in zymogram developing buffer (0.2 M NaCl, 5 mM CaCl 2 , 1% Triton X-100, and 0.02% NaN 3 in 50 mM Tris-HCl, pH 7.4). Enzymatic activity was visualized as a clear band against a dark background. 
Results
Dose-and Duration-Dependent Inhibition of Cell Viability by RMRE
Human colorectal cancer cells were treated with RMRE at varying concentrations (ranging from 10 to 60 mg/mL) for 48 hours, and cell viability was determined by the MTT assay ( Figure 1A) . RMRE was found to affect cell viability in a dose-dependent manner. Subsequently, cells were treated with 20 mg/mL RMRE for the times indicated (24-72 hours) to evaluate the duration of RMRE action on cell viability. Time-dependent inhibition was observed, as shown in Figure 1B . Thus, we found that RMRE decreased cell viability of SW480 and SW620 cells in a dose-and timedependent manner.
Effects of RMRE on Suppressed Tumor-Associated Capillary Tube Formation In Vitro
To study the effect of RMRE on HUVEC growth and survival, cells were treated with various concentrations of RMRE (ranging from 5 to 80 mg/mL) for 48 hours, and the total cell number was analyzed by 0.5% crystal violet staining. Cell viability ranged from 84.0% ± 5.5% to 61% ± 6.2% and 34% ± 7.7% following treatment (20, 40 , and 80 mg/mL, respectively) with RMRE as compared with the control (Figure 2A ). There were no significant changes in cell viability after treatment with 5 and 10 mg/mL of RMRE. HUVECs showed the capillary network morphology after a 16-hour incubation with VEGF (20 ng/mL). The CM containing biologically active components from previously cultured SW620 cells produced a similar result. To examine the effect of RMRE on endothelial cell capillary tube formation, HUVECs were treated simultaneously with RMRE (20 mg/mL) plus VEGF or CM in 48-well culture plates precoated with Matrigel. RMRE treatment (20 mg/mL) for 16 hours had no effect on the viability of HUVECs as compared with the control (data not shown). The capillary tube formation was observed after 16 hours. The VEGF-and CM-inducible capillary tube formations were inhibited by RMRE addition ( Figure 2B ).
RMRE Inhibits Intravasation of SW620 Cells in a Chicken Embryo Spontaneous Metastasis Model
To investigate the effects of RMRE on pathological angiogenesis and tumor cell intravasation, the chick embryo CAM Matrigel onplant model was used as described previously. 15 Aliquots of Matrigel mixed with SW620 cells and pregelated at 37°C on a sterile dish formed a disc-like gel, which was then placed onto the CAM ( Figure 3A) . The different numbers of SW620 cells in the disc-like gels were onplanted in triplicate on the upper CAMs ( Figure 3B ) of 7-day-old chicken embryos. The numbers of viable cells on the disclike gels were evaluated by the density of the MTT formazan reaction product ( Figure 3C ). The grafts incubated on the upper CAMs were harvested at the times indicated. Cell numbers in the grafts increased without RMRE treatment ( Figure 3D ). Human genomic DNA was detected in the lower CAMs of RMRE-treated or untreated groups (n = 3), and this were seeded onto a 96-well plate and treated with the indicated concentration of RMRE for 48 hours; each condition was assessed in triplicate using the MTT assay. B. Colorectal cells were exposed to RMRE (20 mg/mL) for 24 to 72 hours; at the end of the incubation period, cell viabilities were quantified and compared with those of untreated control groups was used as a template for the PCR amplification of the human Alu sequence. Intravasation of SW620 cells from upper to lower CAMs was observed at all the 3 lower CAMs in the absence of RMRE treatment ( Figure 3E ). 
RMRE Inhibits Tumor-Associated Angiogenesis in Chick CAM
To test the effect of RMRE on tumor-associated angiogenesis, angiogenesis was induced in 7-day-old chick embryo CAMs by the use of a gel-like disc containing 5 × 10 5 SW620 cells with or without RMRE treatment. The capillary blood vessel branch under the gel disc area was interrupted at day 3, and neovascularization inhibition was observed at day 6 after RMRE treatment ( Figure 4A ). SW620 cells in the onplanted CAM model increased the tube formation (75.3% ± 11.6%) but decreased to 32.5% ± 8.7% and 65.6% ± 13.7% following 20 mg/mL and 40 mg/ mL RMRE addition, respectively, after 6 days ( Figure 4B ).
RMRE Suppresses MMP-7 Expression and VEGF-Mediated Cell Invasion
As shown in Figure 5A , the rates of spontaneous and VEGF-induced SW620 cell invasion were 16.4% ± 4.6% and 56.4% ± 7.1%, respectively. Invaded SW480 cells were only observed (12.0% ± 2.5%) following VEGF exposure. However, when SW620 cells were incubated with VEGF combined with RMRE, the level of invaded cells was significantly reduced as compared with the VEGF-treated group (P < .05). Moreover, abundant MMP-7 mRNA and protein expression were detected in SW620 cells after the addition of VEGF ( Figures 5B and 5C) . The mRNA and protein expression of MMP-7 were significantly decreased on addition of RMRE. The matrix-degrading activity of MMP-7 was downregulated by the addition of RMRE and was also seen on the casein zymography ( Figure 5D ). As expected, RMRE downregulated VEGF-mediated cell invasion.
Discussion
The discovery of secondary metabolites from microbes and plants has contributed over the past 50 years to the doubling of our life span and revolutionized medicine. The fermentation products of Monascus, especially those produced by solid-state fermentation of rice, possess a wide variety of biological activities, and the pharmacological potential of these products have previously been examined in animal studies and clinical trials. [4] [5] [6] [7] [8] It has been demonstrated that ethanol extracts of Monascus-fermented rice exhibit antitumor effects on murine Lewis lung carcinoma cells in vivo. 3 The secondary Monascus metabolite ankaflavin (in contrast to monascin) exerted cytotoxic effects against human cancer cell lines in vitro, 16 indicating the potential of this secondary metabolite to prevent tumor progression. Such data offer new insight into complementary therapeutic intervention. Angiogenesis and metastases are 2 of the 6 cancer hallmarks. 17 As malignant tumors grow, they invade adjacent normal tissues via blood or lymphatic vessels. When cancer cells reach the vessels, they penetrate them (intravasation) and then leave the vessel to repeat the process (extravasation) in the surrounding stroma at the new site.
The chick embryo (CAM) angiogenesis model is an extraembryonic membrane that is commonly used to assess nascent capillary vessel formation during screening of potential compounds. Tumor-associated angiogenesis and cancer intravasation also can be used in vivo. 14, 18 The present results demonstrate the ability of RMRE to suppress the metastases of cells from the primary location (upper CAM) to a distant site (lower CAM). RMRE strongly inhibited the Figure 3E ). We suggest that the presence of human DNA in the lower CAM indicates that SW620 cells must be able to invade locally and intravasate into the circulation. The viable encapsulated cells onplanted in the upper CAMs also increased significantly depending on the duration of the incubation ( Figure 3D ), and these cells release biologically active components and promote tumor survival, angiogenesis, invasion, and metastasis.
In the present study, RMRE prevented colorectal cell proliferation and resulted in a time-and dose-dependent decrease in the number of viable cells as compared with the control group. In addition, RMRE suppressed SW620 cell invasion and downregulated the mRNA and protein expression of MMP-7 by RT-PCR and immunoblotting analysis. Remarkably, MMP-7 in SW620 cells was stimulated significantly by VEGF. There is a known correlation between high VEGF production by SW620 cells and high levels of angiogenesis in colorectal carcinoma metastases. 19 VEGF increased caseinolytic activity, but decreased susceptibility to RMRE was observed on the zymography. MMP-7 is involved in the progression of human rectal cancer and is a key player in invasion and metastasis, and thus, its assessment may become useful for clinical diagnosis and predicting the prognosis of rectal cancer. 20, 21 The correlation of MMP-7 expression with liver metastasis has been also reported. 22 It is synergistically upregulated by the oncogenic transcription factors activator protein (AP)-1 and b-catenin. 23 There are several limitations to the present study. Even though the use of 20 mg/mL RMRE has shown antiangiogenesis effects at day 3, the continuous elongation treatment may have increased embryotoxicity ( Figure 4A ). Tumorinduced endothelial cells typically grow more quickly than normal cells. The optimization of treatment success should be based on a balance between tumor control and normal tissue complication. The goal is to build up optimally lethal doses in the tumor, so that the tumor cells and tumor-derived endothelial cells are preferentially killed over the rest of the normal cells. However, this balance is obviously difficult to achieve. In addition, separation and isolation of pure active compounds from RMRE in the future is necessary to ensure the validity of the assay results.
In conclusion, our results are consistent with the CAM model in which SW620 human colorectal carcinoma cells mediated neovascularization. However, the administration of RMRE significantly retarded SW620 cell growth, intravasation, and tumor-associated angiogenesis. Moreover, we demonstrated that RMRE effectively decreased MMP-7 activation that is associated with tumor proliferation, tumor-induced angiogenesis, and metastasis. These findings suggest that Monascus-fermented products should be further investigated for their potential effects in adjuvant cancer therapy.
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The author(s) declared no conflicts of interest with respect to the authorship and/or publication of this article. Figure 5 . RMRE suppressed VEGF-mediated cell invasion by downregulating the expression of MMP-7: A. In all, equal numbers of cells (1 × 10 5 ) in 0.2 mL serum-free medium were seeded on the Matrigel-coated filter; the bottom chambers were filled with 0.7 mL of the solution containing medium supplemented with 0.1% bovine serum albumin; cells incubated with or without the indicated regimen (20 ng/mL VEGF and/or 20 mg/mL RMRE) for 48 hours were harvested; the lower surface was counted under a microscope, and each assay was performed in triplicate. B. Endogenous levels of MMP-7 mRNA were measured by semiquantitative RT-PCR using total RNA from SW620 cells; primers for GAPDH were used as a loading control in the same reaction. C. After 24-hour starvation, SW620 cells were treated with or without the indicated regimen for another 24 hours; actin expression was used as a loading control. D. The caseinolytic activity of secreted pro-MMP-7 (29 kDa) was measured by casein zymography as described in the Materials and Methods section; the same gel (range, 31-45 kDa) was stained with Coomassie blue to show equal loading (lower panel); each image was assessed using imageJ software (http://rsb.info.nih.gov/ij/) Abbreviations: RMRE, red mold rice ethanol extract; VEGF, vascular endothelial growth factor; RT-PCR, reverse transcription polymerase chain reaction; MMP, matrix metalloproteinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
